Abstract. The aim of this study was to design a novel felbinac (FEL) patch with significantly higher (P<0.05) skin permeation amount than the commercial product SELTOUCH® using ion-pair and chemical enhancer strategy, overcoming the disadvantage of the large application area of SELTOUCH®. Six complexes of FEL with organic amines diethylamine (DEA), triethylamine (TEA), N-(2′-hydroxyethanol)-piperdine (HEPP), monoethanolamine (MEtA), diethanolamine (DEtA), and triethanolamine (TEtA) were prepared by ion-pair interaction, and their formation were confirmed by differential scanning calorimetry (DSC), powder X-ray diffraction (pXRD), infared spectroscopy (IR), and proton nuclear magnetic resonance spectroscopy ( 1 H-NMR). Subsequently, the effect of ion-pair complexes and chemical enhancers were investigated through in vitro and in vivo experiments using rabbit abdominal skin. Results showed that FEL-TEA was the most potential candidate both in isopropyl palmitate (IPP) solution and transdermal patches. Combining use of 10% N-dodecylazepan-2-one (Azone), the optimized FEL-TEA patch achieved a flux of 18.29±2.59 μg/cm 2 /h, which was twice the amount of the product SELTOUCH® (J=9.18±1.26 μg/cm 2 /h). Similarly, the area under the concentration curve from time 0 to time t (AUC 0-t ) in FEL-TEA patch group (15.94±3.58 h.μg/mL) was also twice as that in SELTOUCH® group (7.31±1.16 h.μg/mL). Furthermore, the in vitro skin permeation results of FEL-TEA patch was found to have a good correlation with the in vivo absorption results in rabbit. These findings indicated that a combination of ion-pair and chemical enhancer strategy could be useful in developing a novel transdermal patch of FEL.
INTRODUCTION
Nowadays, nonsteroidal anti-inflammatory drugs (NSAIDs) remain the most commonly used drugs for treatment of osteoarthritis, rheumatoid arthritis, and acute pain [1] . However, gastrointestinal side effects resulting from repeated oral administration limit their use [2] . As a result, topical products of these drugs, which reduce the risk of gastrointestinal disorders and enhance patients' compliance, have become more and more popular [3] .
As a potent NSAID, felbinac (FEL) has been widely used for treatment of osteoarthritis, rheumatoid arthritis, muscle inflammation, and acute soft tissue injuries in topical preparations [4] [5] [6] [7] . Currently, FEL patches have been available in Japan and Korea, but the product has a large application area of 70 cm 2 , which is far beyond the desired size (that is, a surface area of ≤40 cm 2 ) and decreased patients' compliance [8] . To decrease the large area of the product, the permeation of FEL needs to be further enhanced. Ultrasound therapy was ever used to enhance the effectiveness of FEL gel [9] . However, this method was not especially effective in improving the hydrophilicity of FEL and then increasing the permeability of FEL. Considering the lipophilic property of FEL (Log P=2.58), the partition from lipophilic stratum corneum (SC) to hydrophilic epidermis (ED) may be a principal resistance [10] . Therefore, ion-pair complexation, an effective technique to influence a drug's Log P [11, 12] , was chosen to decrease FEL's lipophilicity and enhance its permeability. Additionally, chemical enhancer is also a widely used approach to increase the skin permeation of drugs [13] . A combination of chemical enhancer and ion-pair strategy was used to maximize the permeability of ionized drugs [14, 15] .
In this work, six organic amines, diethylamine (DEA), triethylamine (TEA), N-(2′-hydroxy-ethanol)-piperdine (HEPP), monoethanolamine (MEtA), diethanolamine (DEtA), and triethanolamine (TEtA) were selected to prepare ion-pair complexes with FEL, and the different permeation behaviors of these complexes through rabbit abdominal skin were further discussed. On this basis, the skin permeation amount of FEL was further enhanced with combined use of chemical enhancers. Finally, the effect of the combination of ion-pair and chemical enhancer strategy was evaluated both in vitro and in vivo.
MATERIALS AND METHODS

Chemicals and Animals
Felbinac (FEL) was provided by Hubei Xunda Pharmaceuticals Co., Ltd. (Hubei, China). Ethanolamine (MEtA), diethanolamine (DEtA), triethanolamine (TEtA), diethylamine (DEA), triethylamine (TEA), and N-(2′-hydroxy-ethanol)-piperdine (HEPP) were purchased from Tianjin Bodi Chemicals Co., Ltd. (Tianjin, China). Isopropyl palmitate (IPP), N-dodecylazepan-2-one (Azone), isopropyl myristate (IPM), Span80 (SP), propylene glycol (PG), and l-menthol (MT) were obtained from Alfa Aesar (MA, USA 
Preparation and Characterization
Preparation of Ion-Pair Complexes
Equimolar amount of FEL and organic amines were dissolved in ethanol and stirred for 2 h. Then, the solvent was removed using a rotary evaporator, and products were obtained after drying in a vacuum for 24 h.
DSC and pXRD Characterization
Subsequently, FEL and its solid complexes were identified by differential scanning calorimetry (DSC) and powder X-ray diffraction (pXRD). The pXRD patterns of samples were measured with DX-2700 XRD diffractometer (Dandong, China) using Cu Kα radiation (tube operated at 40 kV, 40 mA). Data were collected over the 2θ range of 3-50°.
IR and 1
H-NMR Characterization
FEL and its complexes were also characterized by infrared spectra (IR) and 1 H-NMR. For 1 H-NMR study, samples were dissolved into deuterated chloroform (CDCl 3 ) and analyzed with an Advance-400 MHz instrument (Bruker, Germany). Chemical shifts (δ) for CH groups were reported in parts per million relative to tetramethylsilane.
Preparation of Patches
FEL or its ion-pair complexes equivalent to the amount of FEL, penetration enhancers and pressure sensitive adhesive (PSA) were dissolved in ethanol and mixed thoroughly with a magnetic bar. The resulting mixture was then coated onto a release linear followed by drying at 50°C for 20 min. After removal of the solvent, the products were covered with backing membranes.
In Vitro Studies
Apparent Partition Coefficient Experiments
The apparent partition coefficients of FEL and its complexes were measured by the classic shake-flask method [16] . Equal volumes of distilled water and n-octanol and an appropriate amount of drugs were added into a sealed glass vial and agitated to achieve equilibrium at 32°C for 48 h. After centrifugation, the sample concentration in each phase was determined by HPLC.
Apparent Solubility Measurements
The solubilities of FEL and its complexes in IPP solutions were determined at 32°C, by adding excessive drugs to the vehicle in glass vials. All vials were shaken for 48 h until equilibrium. After centrifugation and dilution, the concentration of each drug was determined by HPLC.
In Vitro Skin Permeation Experiments
Excised rabbit abdominal skin was used to evaluate the skin permeation of FEL and its ion-pair complexes and prepared according to a previous report [14] . In vitro skin permeation experiments were performed using twochamber side-by-side glass diffusion cells. The excised rabbit skin was mounted between the diffusion cells, with dermal side facing the receptor compartment. The receptor cell was filled with 3 mL pH 7.4 phosphate buffer (PBS), and the donor cell was suspensions composed of FEL or its ion-pair complexes in IPP. For the skin permeation experiments from patches, donor compartments were exchanged to patches stuck on the SC side of skin. Solutions in both compartments were stirred at about 600 rpm and maintained at 32°C. At pre-determined time intervals, 2 mL samples were withdrawn from the receptor compartment for analysis, and then an equal volume of fresh receptor medium was added to maintain the constant volume. The samples were analyzed by HPLC method.
The cumulative amount of each drug permeating per unit area (Q) versus time was plotted. The steady-state flux (J, μg/ cm 2 /h) was calculated from the slope of linear region of the plot. The enhancement ratio (ER) was defined as Q for the ion-pair group or enhancer-containing group divided by the same parameter for the control group containing only FEL or FEL-TEA.
In Vivo Studies
Rabbit Skin Irritation Test
Four healthy rabbits were used to test the skin irritation of FEL-TEA patch according to the Draize method [17] . One day prior to the experiment, each rabbit abdominal skin was shaved and divided into four areas. Each area was grouped and treated as follows: Then patches were removed after a period of 12 h, and the resulting reactions (erythema and edema) after removing patches at 24, 48, and 72 h were evaluated by a scale of scores as follows: 0.0~0.4: negligible response; 0.5~1.9: slight response; 2.0~4.9: moderate response; 5.0~8.0: severe response.
Administration and Sampling
Twelve male rabbits weighing 1.8-2.2 kg were randomly divided into two groups, and the day prior to the experiments, an abdominal area of about 48 cm 2 was shaved carefully without damaging the skin. For group A, rabbits were treated with the commercial product SELTOUCH ® (FEL, 0.5 mg/cm 2 ) on the abdominal area for 12 h. For comparison, animals in group B were applied with the optimized FEL-TEA patch (equals to FEL 0.5 mg/cm 2 ) on the same area. Blood samples were collected at 0.083, 0.167, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 14 h after transdermal administration. After a washout period of 2 days, rabbits in group B were given an intravenous administration of FEL-TEA (equals to FEL 4 mg/kg) via the marginal ear vein, and blood samples were collected at 0.083, 0.167, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 h after intravenous administration. Plasma were obtained by centrifugation at 16,000 rpm for 5 min and stored at −70°C until analysis.
Treatment and Analysis of Plasma Samples
A 100 μL aliquot of rabbit plasma was mixed with 10 μL ethylparaben solution and 10 μL 1 mol/L hydrochloric acid before extracted with 1 mL ethyl acetate by vortex for 10 min. The mixture was centrifuged at 16,000 rpm for 5 min, and the organic layer was transferred to another tube and evaporated under nitrogen at 40°C. Then, the residue was reconstituted in 100 μL mobile phase and centrifuged at 16,000 rpm for 5 min. A 20 μL aliquot of supernatant was injected into the HPLC system for analysis.
Pharmacokinetic Analysis
The peak blood concentration (C max ) was obtained directly from the concentration-time profile. The area under the concentration curve from time 0 to time t (AUC 0-t ), and the mean residence time (MRT) were obtained by noncompartmental analyses with the help of WinNonlin®.
In Vitro/In Vivo Correlation
The predicted in vitro skin permeation profiles of FEL-TEA transdermal patches in rabbits were obtained using the following formula as described in a previous study [18] .
where C(t), I, and W are the plasma concentration in rabbit as a function of time, the input into the system (i.e., in vitro skin permeation results), and the weighting function (i.e., intravenous data), respectively. And * stands for the convolution operator. Therefore, I(t), the in vitro permeation results of FEL-TEA patch, can be predicted from the in vivo absorption data and intravenous data by the deconvolution method.
where the symbol // denotes the deconvolution operation.
Quantitative Analysis
The amounts of FEL and its complexes were determined by HPLC. The HPLC system consists of an L-2130 pump (Hitachi Ltd., Japan), an L-2420 variable wavelength ultraviolet absorption detector (Hitachi Ltd., Japan), and an HT-220A chromatographic column incubator (Dalian Huida Scientific instruments, Ltd.). Chromatographic separation was achieved on Diamonsil C18 column, 200 mm×4.6 mm×5 μm, by using a mobile phase containing methanol: 0.02 mol/L pH 4.5 NH 4 AcHAc buffer solution (75:25, v/v) at a flow rate of 1 mL/ min. Ethylparaben was used as the internal standard and detection wavelength was set at 254 nm.
Data Analysis
Each experimental value was an average of minimum four measurements. Statistical analysis was conducted by using Student's t test and all data were presented as mean ±standard deviation (SD). A difference between data was considered significant when P<0.05.
RESULTS AND DISCUSSION
Characterization of FEL Ion-Pair Complexes
DSC and pXRD Characterization
All FEL complexes were characterized by DSC and pXRD, except for FEL-HEPP in the sticky liquid state. As presented in Fig. 1 , FEL had a sharp endothermic peak at 160°C, and all FEL complexes had lower melting temperatures. According to literatures [19] , it was probably due to the different arrangement of molecules in the crystal lattice, and FEL complexes may have lower crystalline lattice energy [20] . Figure 2 showed the pXRD patterns of solid-state forms of FEL and its complexes. The distinct differences in the diffraction patterns of FEL and its complexes also demonstrated the different arrangement of molecules in the crystal lattice [21] .
IR and 1 H-NMR Characterization
Infrared spectroscopy (IR) plays an important role in studying the formation of ion pairs [22, 23] . In IR spectrum of FEL (Fig. 3) , the absorption at 1687 cm −1 was assigned to the stretching vibration of C=O group. In the case of FEL complexes with MEtA, DEtA, TEtA, and HEPP, the absorption at 1687 cm −1 was red shifted to 1581, 1634, 1588, and 1580 cm −1 , respectively, and that red shift was reckoned as a criterion for hydrogen bonding [22] . Contrary to the above complexes, the C=O stretching bands in FEL complexes with DEA and TEA got blue shifted to 1700 and 1693 cm −1 , separately. This phenomenon was not contradictive to the aforementioned redshift criterion. As the carboxylic acid groups in FEL can form dimers by the intermolecular hydrogen bonding [24] , the R 3 -N acceptor groups in DEA and TEA might disrupt the original intermolecular hydrogen bond due to the formation of new intermolecular hydrogen bond with the carboxyl donor groups in FEL. Based on literatures [25] , it could be inferred that the electronegativity of R 3 -N acceptor groups in DEA and TEA were weaker than that of C=O acceptor groups in FEL, thus leading to the electron redistribution of the corresponding carboxyl group acted as a donor group and the blue shift of C=O stretching vibration in this group [23, 26] . This explanation also conformed to the proton-transfer model of Huyskens and Zeegers-Huyskens [27] , which showed that the larger pKa difference between the proton donor (FEL) and acceptor NMR spectroscopy also offered a good evidence for hydrogen bonding and was therefore used to analyze the interaction between FEL and organic amines in IPP, based on the chemical shift change of the methenyl proton near the carboxyl group. However, the complicated structure of IPP interfered the spectra of samples, deuterated chloroform (ε r =4.81) was chosen as substitutions of IPP (ε r =3.18) based on its comparable dielectric constant [23] . As illustrated in Table I , the signal of the methenyl proton in all complexes brought out upfield shifts compared with that in FEL. It could be elucidated that there existed hydrogen interactions between FEL and organic amines. In detail, the carboxyl group of FEL had an electrophilic effect on methenyl, which decreased the electron atmosphere density and caused a downfield shift of the methenyl proton. After the introduction of organic amines, hydrogen bond was formed between the carboxyl group of FEL and the basic organic amine, which impaired the deshielding effect and brought out an upfield shift of the methenyl proton [28] . In a word, all characterization results demonstrated the formation of FEL ionpair complexes.
In Vitro Evaluation
The Effect of Organic Amines on the Skin Permeation of FEL As FEL is a weak acid, six organic amines were chosen to prepare ion-pair complexes with FEL and the permeation of these complexes from both IPP and transdermal patches were investigated. IPP is a frequently used cosmetic ingredient with low dielectric constant (ε r =3.18), which can contribute to the formation of ion pairs and simulate the highly lipophilic matrix such as pressuresensitive adhesives [23, 29] . Different from the permeation experiments from patches, the permeation experiment from IPP ignores the influence of patch matrix; thus, the flux from IPP can represent the skin permeability of drugs to some extent. The permeation profiles from IPP and relevant parameters are presented in Fig. 4 and Table II . As depicted in Fig. 4 , TEA, DEA, and HEPP had a positive effect on the permeation of FEL, and among them, TEA had the greatest enhancing effect, while other amines, i.e., TEtA, MEtA, and DEtA, exerted negative effects. The different effects of amines can be explained by the altered physicochemical properties of a drug due to the formation of ion-pair complexes [30] .
As illustrated in Fig. 5a , the flux of FEL ion-pair complexes increased with the increasing solubility (r=0.9929), which indicated that solubility was an important factor affecting their permeation rate [31] . However, for FEL-DEA and FEL-HEPP, the introduction of amines did not increase their solubility, but their flux was increased. This suggested that the flux increase of these FEL complexes could be attributed in part to their different solubility in the donor phase and there existed other factors affecting their flux [32] . In Fig. 5b , the flux also increased with the increasing n-octanol/water partition coefficient Log P of FEL ion-pair complexes (r=0.9498). This suggested Log P might be another important factor. According to the two-layer skin model [10] , the simplified skin consists of a lipophilic SC and an underlying hydrophilic ED. For hydrophilic drugs, the lipophilic SC layer provides a main barrier. While for lipophilic drugs, the partition from SC to hydrophilic ED becomes a ratelimiting step. Thus, to achieve enhanced skin permeability, drugs should possess balanced lipid and water solubility. As a lipophilic drug, FEL is almost insoluble in water and the distribution from SC to ED may be a principal resistance. With the help of organic amines like TEA, DEA, and HEPP, the lipophilicity of FEL decreased to a suitable level, making it easier to partition into the ED and thereby brought about an enhanced permeability. In contrast, FEL complexes with MEtA, DEtA, and TEtA exhibited lower permeation than FEL. It may also be due to the altered solubility and Log P of FEL complexes. As can be seen from Table II , the flux of FEL complexes with MEtA, DEtA, and TEtA decreased as their decreasing solubility in donor phase. This indicated that solubility was an important factor affecting the flux of FEL complexes. Meanwhile, the lipophilicity of these complexes also influenced their permeability. As MEtA, DEtA, and TEtA had strong hydrophilicity, the introduction of these amines greatly reduced the lipophilicity of FEL even to become hydrophilic. That hydrophilic character hindered their partition into the lipophilic SC layer, thus presenting a negative effect. Therefore, both solubility and Log P had a major influence on the flux of FEL ion-pair complexes, and those organic amines which could alter the Log P of a drug to a proper level would have a positive effect on the drug's permeability. In addition, the pKa of counter ions was reckoned as another factor affecting the permeability of ion pairs in previous reports. The fluxes of flurbiprofen ion pairs were found to increase with the increasing pKa values of amines and this was attributed to the stronger attractive force between flurbiprofen and amines [28] . Xi et al. also demonstrated that pKa of counter ions could affect the stability of their ion pairs, thus influencing the permeability of ion pairs [23] . Although amines with relatively high pKa exhibited enhancing effect on FEL, the correlation between the flux of FEL complexes and pKa of amines was not quite so successful (r=0.7998), probably because the different fluxes of ion-pairs were influenced by several factors together including both parent drugs and counterions. But this pKa effect can still be seen in TEA and DEA, with relatively higher pKa, DEA, and TEA also exhibited significantly promoting effect on FEL, and this may also be due to their stronger attractive force and more stable formation of complexes with FEL [27] . This explanation was also consistent with the IR results, in which the red-shift phenomenon in TEA and DEA suggested their stronger interaction with FEL.
In transdermal patches, ion-pair strategy was also used due to the promoting effect of TEA, DEA, and HEPP in IPP solution system. PSA Duro-Tak® 87-4098 without functional groups was used to prepare transdermal patches, thus avoiding the polar functional groups' damage to ion-pair structure. As shown in Figs. 6 and 7, the order of the permeation amounts of FEL ion-pair complexes from patches was almost the same as that from IPP solution (r=0.9762). That means the lipophilic IPP In PSA, FEL-TEA (5%, w/w, based on adhesive weight) still had the highest flux (J=6.07±1.11 μg/cm 2 /h), which was significantly higher than that of FEL (J=3.16 ±0.36 μg/cm 2 /h). This indicated the feasibility of ion-pair strategy used in transdermal patches, and therefore, FEL-TEA was used to substitute FEL for designing a more effective transdermal patch.
Combined Effect of Chemical Enhancers
To further increase the cumulative amounts of FEL-TEA patch, chemical enhancer was introduced and combined with ion-pair strategy in this study [33] . N-Dodecylazepan-2-one (Azone), isopropyl myristate (IPM), Span80 (SP), propylene glycol (PG), and l-menthol (MT), five commonly used penetration enhancers known to be safe or used commercially [13, 34, 35] , were used and the concentration of enhancers was initially fixed at 5% (w/w).
As shown in Fig. 8 , the relatively lipophilic enhancers Azone (Log P=6.02, obtained from SciFinder database) and IPM (Log P=7.25, obtained from Hui M et al. 2014) had greater enhancement effect on the permeation of FEL-TEA, and Azone had the greatest promoting effect (P<0.05). It has been widely accepted that the predominant route of penetration is through the intercellular lipid domains [34] ; therefore, these results suggested lipophilic enhancers could partition well into the modified SC. Furthermore, Azone was reckoned to exert its enhancing effect by partitioning into stratum corneum and disrupting the packings of the bilayer lipids [13, 36] . Subsequently, the influence of Azone concentration was further studied. As illustrated in Fig. 8 , the permeation amount of FEL-TEA increased as the concentration of Azone increased from 5 to 10%, but when it increased to 15%, the permeation of FEL-TEA was not further increased. This could be explained by the effect of Azone on the hydration of SC, which had a negative influence on the partition of FEL-TEA [37, 38] . Overall, 10% Azone had the greatest enhancement effect on FEL-TEA and it was chosen for designing the formulation of FEL-TEA patch.
To make the skin permeation results comparable with the commercial product, the concentration of FEL-TEA in the optimized patch was increased to 7%, which equaled to the amount of FEL in the product SELTOUCH® (0.5 mg/cm 2 ). As shown in Fig. 9 , the flux of the optimized patch containing 7% FEL-TEA was significantly higher than that of the commercial product. The in vitro evaluation results indicated that it was useful to maximize the flux of FEL by combining ion-pair and chemical enhancer strategy. The optimized patch contained the adhesive Duro-Tak® 87-4098, 7% FEL-TEA, and 10% Azone, and it was used in further study.
In Vivo Evaluation
Skin Irritation Test
As was showed in Table III , the optimized FEL-TEA patch (containing 10% Azone) produced no irritation to the rabbit skin compared with the standard irritant group. Skin irritation response depends on the amount of Azone released from the PSA layer. As a lipophilic enhancer, Azone had a good compatibility with the PSA and it appeared to have a lower release rate from the acrylic PSA without influence from the type of adhesive [39] . In this study, the acrylic type PSA Duro-Tak® 87-4098 was used as matrix, and therefore, not all Azone could be released from the optimal FEL-TEA patch in the administration period and the safety of using Azone could be assured [40] .
Pharmacokinetic Analysis
To further evaluate the enhancement effect of combing ion-pair and chemical enhancer strategy, both the optimized FEL-TEA patch and commercial FEL patch SELTOUCH® were applied in rabbit to study their pharmacokinetics. Relevant profiles and parameters were presented in Fig. 10 and Table IV. Compared to injection group, the MRT in FEL-TEA patch group was prolonged to 4.80±0.28 h, which was more than seven times higher than that in injection group. This was believed to be due to the continuous replenishment of drug into the systemic circulation by constant drug delivery from transdermal patches. The MRT in FEL-TEA patch group (4.80±0.28 h) and FEL commercial patch group (5.20±0.15 h) showed no significant difference, but the FEL-TEA group achieved significantly higher C max (2.23±0.49 μg/mL) and AUC 0-t (15.94±3.58 h.μg/mL) values than the commercial patch group, which indicated the optimized FEL-TEA patch had higher skin permeation amount than the commercial product in vivo. The in vivo results also indicated In Vitro/In Vivo Correlation
In vitro/in vivo correlation (IVIVC) is defined as a predictive model about the relationship between in vitro property of a dosage form and relevant in vivo performance [41] . For transdermal delivery, the in vitro property refers to the rate of skin permeation, and the in vivo performance is the drug concentration in plasma. In previous reports, IVIVC has been established for s o m e d r u g s i n t o p i c a l p r e p a r a t i o n s , a n d t h e deconvolution method showed a good prediction performance [18, 42, 43] .
Thus, based on the in vivo absorption data of FEL-TEA patch group and FEL-TEA injected group, in vitro s k i n p e r m e a t i o n r e s u l t s w e r e p r e d i c t e d b y t h e deconvolution method with the help of WinNonlin®. As was seen from Fig. 11 , the predicted in vitro drug profiles were consistent with the actual observed in vitro profiles (r=0.9951), which demonstrated that in vitro skin permeation studies could be used to predict the in vivo performance of FEL-TEA transdermal patches.
CONCLUSION
In this work, a novel transdermal patch of FEL was achieved by combining ion-pair and chemical enhancer strategy. The optimized patch containing FEL-TEA and 10% Azone had significantly higher skin permeation amount (P<0.05) and AUC 0-t value than the product SELTOUCH® in vitro and in vivo. And furthermore, the in vitro skin permeation results of the optimized FEL-TEA patch were shown to be useful to predict the in vivo drug absorption profiles. Therefore, a combination of ion-pair and chemical enhancer strategy could be useful in developing a novel transdermal patch of FEL. 
